evidence for the role of oxygen radicals in fiber toxicology 10032 , USA (4,5). Asbestos has been shown to trigger many signaling 1 Present address: Department of Ion Beam Bioengineering, Chinese events via activation of nuclear factor κB (NFκB) and other Academy of Sciences, Hefei, China early response proto-oncogenes, including c-fos and c-jun 2 To whom correspondence should be addressed (6,7), which in turn increase the DNA-binding activity of the Email: tkh1@columbia.edu transcription factor activator protein-1 (AP-1) and lead to Although exposure to asbestos fibers is associated with the increased cellular proliferation and morphological transformadevelopment of lung cancer, the underlying mechanism(s) tion of tracheal epithelial cells (8,9). remains unclear. Using human papillomavirus-immortalPrevious studies from this laboratory have shown that ized human bronchial epithelial (BEP2D) cells, we previasbestos is a potent gene and chromosomal mutagen and ously showed that UICC chrysotiles can malignantly induces predominantly multilocus deletions (10,11). While transform these cells in a stepwise fashion before they chromosomal deletions in malignant mesotheliomas are relabecome tumorigenic in nude mice. In the present study tively common events (12,13), there is no evidence that we used cDNA expression arrays to screen differentially mutations in several common suppressor genes, such as Rb, expressed genes among the tumorigenic cells. A total of 15 p53 and Wilm's tumor, play any causal role in asbestosgenes were identified, 11 of which were further confirmed associated cancers (14-16). These findings suggest that loss by northern blot. Expression levels of these genes were then and/or inactivation of multiple tumor suppressor genes are a determined among transformed BEP2D cells at different possible mechanism of fiber carcinogenesis (17) . It is likely stages of the neoplastic process, including non-tumorigenic that oncogenes and other, as yet unidentified, tumor suppressor cells that were resistant to serum-induced terminal differengenes may act in concert to mediate asbestos-induced bronchotiation, early and late passage transformed BEP2D cells, genic cancers and mesotheliomas. five representative tumor cell lines and fused tumorigenicFor a better understanding of the molecular mechanism of control cell lines which were no longer tumorigenic. A bronchial carcinogenesis induced by asbestos, it would be consistent 2-to 3-fold down-regulation of the DCC (deleted ideal to use a human bronchial epithelial cell line to study in colon cancer), Ku70 and heat shock protein 27 genes the various asbestos-induced genetic alterations leading to were detected in all the independently generated tumor malignancy. Up to the present moment, no primary human cell lines while expression levels in early transformants as cell model is available for this area of study because the well as in the fusion cell lines remained normal. In contrast, frequency of human cell transformation has been estimated to all the tumor cell lines examined demonstrated 2-to 4-be~10 -15 , an incidence too low to be reproduced in any fold overexpression of the insulin receptor and its signal laboratory setting (18). Treatment of normal human mesothelial transduction genes. Differential expression of these genes cells with amosite asbestos has been shown to extend the was completely restored in the fusion cell lines examined.
proliferative lifespan of four of 16 independently derived No alteration in c-jun or EGF receptor expression was primary cultures (19) . However, these cells eventually all found in any of the cell lines. Our data suggest that senesce and enter crisis. Using human papillomavirus-immoractivation of the insulin receptor pathway and inactivation talized human bronchial epithelial (BEP2D) cells, our laboratof DCC and Ku70 may cooperate in malignant transformaory recently showed that a single, 7 day treatment with a 4 tion of BEP2D cells induced by asbestos.
µg/cm 2 dose of chrysotile induced neoplastic transformation of these cells in a stepwise fashion at a frequency of~10 -7 Introduction (20) . Transformed cells progress through a series of stepwise changes, including altered growth pattern, resistance to serumAlthough occupational exposure to asbestos fibers is associated induced terminal differentiation and agar-positive growth, with development of pulmonary fibrosis, bronchogenic before becoming tumorigenic and producing subcutaneous carcinoma and mesothelioma (1), the mechanism(s) of fiber tumors upon inoculation into athymic nude mice (20, 21 were further screened by northern blotting, using cell lines derived from different transformation stages (20) . In addition,
cDNA expression array and hybridization fusion cell lines between fiber-induced tumorigenic and control
The 588 human cDNAs of known genes were spotted in duplicate on a nylon membrane (Clontech Laboratories, Palo Alto, CA). 32 P-labeled cDNAs were BEP2D cells were generated to determine the dominant or prepared by reverse transcription using 1 µg mRNA from control and recessive nature of the neoplastic phenotype. We show herein tumorigenic BEP2D cells in the presence of gene-specific primers and that all fusion clones were no longer tumorigenic when cell lines tested. Our data suggest that deregulation of these
Northern blotting
genes may play an important role in fiber carcinogenesis.
For northern blotting, 2.5 µg mRNA was denatured and separated on a 1% denaturing agarose formaldehyde gel. The mRNAs were then transferred to a
Materials and methods
nylon membrane (Millipore, Bedford, MA) by downward capillary blotting Cell lines in 20ϫ SSC (3 M NaCl, 0.3 M sodium citrate·2H 2 O, pH 7.0) followed by UV crosslinking. Specific probes were generated by labeling of PCR-amplified Human papillomavirus (HPV18)-immortalized human bronchial epithelial cDNA fragments with [α-32 P]dCTP using a random primed DNA labeling kit (BEP2D) cells were used in this study (23) . These cells are anchorage (Boehringer Mannheim, Mannheim, Germany). The membranes were predependent and non-tumorigenic in nude mice even in late passages (20) . hybridized for 30 min and then hybridized with cDNA probe in ExpressHyb Tumorigenic cells were previously derived by treatment of exponentially hybridization solution (Clontech) for 8-12 h at 68°C. The blots were washed growing BEP2D cells with a 4 µg/cm 2 dose of chrysotile fibers for 7 days. twice in 2ϫ SSC, 0.1% SDS at room temperature for 15 min followed by Tumors Ͼ1 cm in diameter were resected from nude mice and used to washing twice in 0.2ϫ SSC, 0.1% SDS at 55°C for 15 min. The membranes establish independently generated cell lines. The human epithelial origin of were exposed to Kodak BioMax film at -70°C for 12-72 h. The band the cell lines established was determined using isozyme analyses as well as intensities were evaluated by phosphorimaging and normalized to the β-actin immunohistochemical staining for human cytokeratin (20, 23) . expression level. Previous studies from this laboratory have demonstrated that transformed BEP2D cells arise through a series of sequential stages (18, 20) . In order to
Probes for northern blots study the alterations in gene expression during the course of the transformation All probes were acquired by PCR amplification of gene fragments. The process, BEP2D cells at different stages of the neoplastic process were used primers were designed by a GenBank database search. The sequence and in northern blot analyses. These included transformed/non-tumorigenic cell length of primers (S, sense; A, antisense) are listed in Table I . The amplified lines derived from a serum-resistant colony after fiber treatment, early passage products were excised from agarose gels and the DNAs were extracted with (1 week after fiber treatment) and late passage (just before inoculation into a gel extraction kit (Qiagen) according to the user manual. nude mice) transformed cells, five representative tumor cell lines and four independently cloned, non-tumorigenic fusion cell lines. All cultures were maintained in serum-free LHC-8 medium supplemented with growth factors 
Fusion of tumor and control BEP2D cells abrogates the Cell fusion malignant phenotype
Tumorigenic BEP2D cells induced by asbestos treatment were fused with control cells using polyethylene glycol. Briefly, 5ϫ10 6 tumorigenic cells Table II shows the results of a representative fusion study.
infected with a pRC/CMV expression vector containing a neo gene were
The tumorigenic AsbTB2A cell line was a highly malignant fused with an equal number of control BEP2D cells containing a pBabe derivative of BEP2D cells obtained by treatment with chrysotile plasmid which was resistant to puromycin using 1 ml of pre-warmed 50% asbestos as described (20) . It was evident that the tumorigenic PEG 1500. The polyethylene glycol was added drop-wise over a 1 min period to initiate the cell fusion process followed by addition of 20 ml of culture phenotype of TB2A cells could be completely suppressed by with tumor cells resulted in tumorigenic hybrids whereas fusion among wild-type BEP2D cells resulted in non-tumorigenic hybrid clones. Gene expression profile by cDNA array 32 P-labeled cDNA probes were generated from each poly(A) ϩ mRNA of control and asbestos-induced tumorigenic BEP2D cells and separately hybridized to identical cDNA arrays which contained 588 known genes representing different functional categories and nine housekeeping genes as positive controls. After exposure to X-ray film with a Biomax MS intensifying screen, the patterns of expression of the 588 known genes 32 P-labeled cDNAs were synthesized by reverse transcription using 1 µg were examined. The hybridization signals were also quantified mRNA from control and representative tumorigenic BEP2D cells induced by phosphorimaging. By comparing the hybridization signals by asbestos fiber treatment and hybridized to the Atlas cDNA arrays. After stringent washing, the blots were exposed to Kodak MS film for~2 days normalized to the average intensities of the β-actin and G3PDH
at -70°C and quantified by phosphorimaging. Arrows, representative cDNA genes, a total of 15 genes were identified to be differentially controls. Representative genes are marked in Figure 1 (arrow) . The β-actin and G3PDH genes, which were initially chosen of independent hybridization, suggesting that the identified as positive controls for hybridization, were, as expected, highly changes in gene expression were consistent and reproducible. and steadily expressed in these two cell lines. Arrays were Northern blot analysis of cells from different stages of the hybridized with probes from mRNAs of control and tumorineoplastic process genic cells. After exposure and quantification, they were stripped and rehybridized with new probes from different
The 15 genes whose expression levels were detected by cDNA array to be different from control BEP2D cells were further batches of the same mRNAs from control and tumorigenic cells. Similar results were obtained from the two rounds cross-checked by northern blot using mRNA obtained from various cell lines, including serum-resistant transformed cells, was identified in either serum-resistant or in early and late passage transformed cells with the notable exception of the IR early and late passage transformed cells, five representative tumor cell lines and four fusion cell lines. Eleven of the 15 and c-fos genes (Table III) . genes were confirmed to be differentially expressed in all tumorigenic cells compared with controls ( Figure 2 and Table  Discussion  III) . Expression levels of three genes, DCC, Ku70 and heat Although asbestos fiber has been known to be a cancer-causing shock protein 27 (HSP27), were found to be lowered by 2-to agent for centuries, its carcinogenic mechanism remains 3-fold in all five tumor cell lines and restored to control level unclear. There are indications that as many as five interrelated among the fusion cells (Table III) . In contrast, expression mechanisms may be involved, depending on fiber type, fiber levels of these genes among serum-resistant transformed cells dimension and type of tumor induced (17, 24) . The observation and in early and late passage cells were comparable with the that asbestos is mutagenic and induces primarily multilocus controls. Eight genes, including the insulin receptor (IR), src deletions (10,11) provides a mechanistic basis for the loss of homolog 2 adaptor (SHB), Grb2, ERK2, c-fos, NFκB (p50/ putative tumor suppressor functions in asbestos-induced 105), Ets-like gene and cdc2-related kinase (PISSLRE) were tumors. This finding is consistent with the cytogenetic abnorfound to be overexpressed in all five tumor cell lines at levels malities, mainly deletions, identified in many asbestos-induced ranging from 2-to 5-fold of controls. Overexpression of these mesotheliomas (12,13), as well as our present cell fusion genes, however, was abrogated in all fusion cell lines examined. studies, in which the tumorigenic phenotype of TB2A cells Furthermore, no change in expression levels of these genes could be completely suppressed by fusion with non-tumorigenic BEP2D cells. In order to find the gene(s) involved, we used cDNA expression array to screen the expression profiles of 588 known genes in control and asbestos-induced tumorigenic BEP2D cells. To alleviate concerns about false positive signals, northern blots were used to cross-check the message level.
Our finding of 25% false positives is consistent with other recent reports (25,26). Asbestos fibers have been shown to trigger a number of signaling cascades involving mitogen-activated protein kinase (MAPK) which may be initiated through receptor-mediated events (27) . The insulin receptor is a member of a large family of receptor tyrosine kinases (RTK) possessing intrinsic can in turn activate numerous intracellular signaling cascades
The other fusion cell lines gave similar results. The mRNA blots were via the MAPK pathway, including extracellular signal-related hybridized to 32 P-labeled human cDNA probes. After stripping, the membranes were rehybridized to human β-actin probe. kinases (ERK), which leads to activation of the transcription factor c-fos and N-terminal kinases (JNK and SAPK), which required for the fixation of genetic alterations and confers a proliferative advantage to preneoplastic population. However, in turn activates c-jun (2,7). The proteins encoded by these stress genes could dimerize with the transcription factor APinsulin receptor activation in itself is insufficient for malignant transformation. Reduced expression of DCC and Ku70 might 1 and promote the G 1 →S phase transition (8, 29) . In the present study, expression of the insulin receptor was up-regulated by collaborate with insulin receptor activation in malignant progression by promoting genomic instability and increased sus-1.5-fold in both the early and late passage transformed cells but by~2.2-fold in all tumor cell lines examined. This increase ceptibility to oxidative damage. Evidence for this line of thought comes from the cell fusion studies, which indicate in insulin receptor expression could, perhaps, account for the increased expression of other downstream genes such as SHB, that loss of tumorigenic potential is accompanied by reGrb2, Erk2, the Ets-like gene and c-fos found in all tumor cell expression of these genes at the control levels. While our lines (28) . The insulin receptor has been shown to be a present findings provide some clues to the mechanism of fiber potential oncogene for mammary epithelial cells (30,31) , carcinogenesis, additional studies are needed to determine how overexpression of which could enhance growth and the transthese multiple pathways are integrated in the target epithelium. formed phenotype in cultured cells. However, there is evidence that insulin receptor activation alone is insufficient to induce
